Abstract. An investigation has been made of the association of plasma waves with narrow dropouts (<30-min observation time) in the fluxes of trapped energetic electrons and protons within the radiation belts. The experiment, conducted with instruments on the CRRES satellite, indicates that 5 Hz < frequency < 1 kHz waves are nearly always produced at the times and positions of narrow energetic electron flux dropouts. The waves may be produced at the positions of steep particle flux gradients. This phenomenon is best studied during short-duration events that provide measurements on both sides of a boundary in a relatively quiescent state. In addition to an investigation of the waves associated with narrow dropouts the data presented here show the general correlations between waves and particle fluxes, particularly after new injections or plasmapause crossings. In some cases, energetic proton dropouts also occur and may contribute to the generation of waves.
The short-duration dropouts at lower L values have not been studied as thoroughly as the more prolonged events, and their source mechanism(s) is (are) not as well understood as those of longer duration. Short-duration events, particularly those in which the particle fluxes return to their predropout values, are more likely due to the transit and subsequent return of the satellite across a plasma boundary than due to a major deformation of the magnetosphere accompanying a substorm injection of particles. In many of the long-duration dropouts the plasma and wave environment at the end of the dropout may be quite different from conditions at the start. Thus the short-duration events offer a better possibility of studying the particle and wave environment on each side of a boundary in a relatively quiescent state.
Waves are known to cause particle precipitation from the radiation belts through wave-particle interactions, but based on the fact that both electrons and protons over a wide range of energies are involved in the dropouts, it is not likely that the particle dropouts are caused by such processes. However, VLF and ELF waves may still play an important role in the overall structure of dropouts. In particular, plasma instabilities such as drift wave instabilities in inhomogeneous plasmas are expected to occur at strong particle flux gradients. Also, electron and ion pitch angle distributions should be different on each side of the plasma boundary, and the waves produced by pitch angle anisotropies should reflect this difference. It is therefore of interest to investigate whether dropouts are associated with the generation of waves in the magnetosphere. The waves can be used as a diagnostic of the boundary motion and of the plasmas involved.
The primary purpose of this paper is to present coordinated data on trapped particle fluxes and plasma wave intensities at the times of narrow particle dropouts. As the comparisons will show, these quantities are not related in any simple way, although simultaneous changes in both particle and wave intensities occur frequently. This research therefore provides data against which theories of wave and particle energy exchange can be tested. Here we make use of VLF and ELF wave and energetic particle measurements performed from the CRRES (Combined Release and Radiation Effects Satellite) which had a highly eccentric, nearly equatorial orbit. The wave environment in and near the regions of narrow particle dropouts is investigated for evidence that the large gradients in particle flux are also regions of enhanced plasma waves. To identify times of observation of particle gradients the entire data set from the spectrometer for electrons and protons (SEP) was surveyed for narrow (<30-min observation time) pronounced dropouts in the electron fluxes within the outer radiation belt.
At the times of such events, data from other detectors in the CRRES payload were examined.
Instrumentation
The CRRES satellite was launched on July 25, 1990, into an orbit with an apogee of 35,786 km, a perigee of 350 km, and an inclination of 18 ø. Apogee at launch was at about 0800 LT, and the spacecraft precessed toward earlier local times at a rate of about 15 hours per year. The satellite spin axis was kept pointed within 15 ø of the Sun.
The particle data used here were acquired with the ONR In the inner radiation belt both SEP and IMS-HI may be sensitive to penetrating protons. Therefore, at L -< 2 the particle fluxes measured by these detectors may have a poorly defined background. Since none of the events discussed in this paper are in the inner zone, this background is not important Electric field wave data in the frequency range 5 Hz to 400 kHz were available during most orbits. Because of an instrument failure the magnetic component of the waves was not measured after orbit 602. Thus, while both electric and magnetic wave amplitudes were compared with particle dropouts up to orbit 602, only electric field intensities could be compared with dropout cases after that orbit.
Examples of Wave and Particle Variations
Since the flux falloffs and recoveries associated with the dropouts have a variety of shapes and amplitudes, a single criterion was used in the selection of narrow dropouts from the electron survey plots. The investigation presented in this paper has been limited to dropouts having an intensity decrease of at least a factor of 10 and an observed duration time for electrons of less than 30 min. Associations of the waves with broader particle dropouts are also observed to occur, but that aspect of the phenomenon has not been studied in this investigation. The selection of dropout cases was made from electron data only and was completed before any comparisons were made with the proton and wave data. 
Data From

Other Examples of Waves Associated With Dropouts
A detailed examination of the wave and particle data has just been made for one complete orbit in which several pronounced variations were observed. In order to achieve a larger statistical sample for the wave and particle comparisons, data are now presented from 12 orbits in which electron flux dropouts with short observation times occurred. These data are provided in Plates 2-5. The electric field wave data are presented in the bottom sections in the form of spectrograms from the sweep frequency receiver and in other panels as plots of the output of the multichannel spectrum analyzer. For the orbits before 602 the magnetic field wave data are presented in a top section. In almost every case, strong low-frequency electric field turbulence was observed at or very near the time of the narrow dropouts as is most easily seen in the spectrograms. All of the orbits with dropouts prior to orbit 602 showed enhanced lowfrequency electromagnetic bursts at or near the time of the dropouts except for orbit 583, as shown in Plate 3. On orbit 583, strong low-frequency electrostatic and electromagnetic emissions were observed associated with what appears to be the start of a narrow flux dropout in the electron data about 0830 UT. The electromagnetic bursts evident around 0930 UT began higher in frequency than those observed for the majority of the narrow dropouts. Inspection of the high time resolution data for all of the orbits showed that the most intense wave activity usually occurred at steep flux density gradients at the leading and trailing edges of the narrow dropouts.
Frequently bands of chorus were observed either just prior to or just after the narrow dropouts. This phenomenon is illustrated in Plate 3 for orbits 547 and 583 (and for orbit 547 in Plate 6) where chorus begins immediately after the narrow dropouts. The appearance or disappearance of chorus after a narrow dropout may indicate that the spacecraft has crossed a boundary into a different region.
On orbit 186 shown in Plate 1 electromagnetic chorus preceded the first narrow dropout (see MAG Antenna panel) and did not continue immediately after the dropout. For the second dropout, chorus was sharply enhanced after the narrow dropout. On orbits 279 and 542 shown in Plate 2 (also in Plate 6 for orbit 542) chorus was not associated with the dropouts.
On orbit 279 the chorus ended near 1330 UT as the fluxes of the highest energy electrons fell dramatically. It reappeared about 1530 UT when the fluxes of highest-energy electrons increased dramatically. On orbit 542 the chorus ended around 1100 UT when the electron fluxes gradually dropped as the spacecraft moved to the outer portion of the outer radiation belt. The chorus reappeared suddenly about 1200 UT at the time electron flux levels increased enough to sustain chorus generation. Then chorus diminished again around 1300 UT as the flux levels continued to fall. During these injections the outer magnetosphere apparently has sufficient plasma to support intense electromagnetic waves. • 10 3
.I E E 02- plitudes measured with higher time resolution can be significantly higher. Each of the narrow energetic electron dropouts selected in the survey of the CRRES data is listed in Table 1 . All of these narrow dropouts had observation durations of less than 30 min. Table 1 lists several quantities associated with the start of recovery from the dropout: universal time in hours, MLT, L, Kp, and Dst. The presence or absence of a dropout in the ions is indicated. Two columns indicate whether there was a change in the VLF electrostatic or electromagnetic wave intensity. High-energy ion dropouts occurred simultaneously with electron dropouts in more than half of the cases, whereas lowenergy ion dropouts were present during only about a quarter of the electron dropouts.
Discussion
The data presented here have shown the general correlations between wave intensities and particle fluxes. The most pronounced correlations occurred at the times of new particle injections or plasmapause crossings. Strong wave intensities frequently occurred in association with broad dropouts at the time of substorms. However, the principal objective of this paper has been to study the interesting phenomena of narrow particle dropouts which have been found frequently to be associated with wave enhancements.
The energetic particle dropouts are caused by the satellite suddenly entering a substantially different plasma environment having much less (< 10-1) particle flux than experienced immediately before or after the dropout. These flux changes often but not always occurred for all energetic particle types observed. However, the time profiles of the particle flux are sometimes quite different for electrons and protons. One would expect slightly different boundaries for the various species and energies since the different populations have different gyroradii and drift velocities. Also, the ions and electrons drift in opposite directions. In some cases the thermal plasma also showed a strong density reduction, as would be expected if the satellite passed into field lines leading to the tail. The magnetic field frequently increased during the particle dropouts in agreement with the expected diamagnetic behavior of the plasma.
A coarse timescale (At _> 30 min) comparison of wave and particle intensities during the time interval surrounding the dropout events reveals that a general increase in wave intensity for 5 Hz < frequency < 1 kHz occurs at or near the time of each dropout. The occurrence of wave bursts is so infrequent that their association with particle flux changes cannot be by chance. In the course of this investigation of narrow dropouts some broad dropouts were also examined, and it was discovered that wave enhancements often occurred near the edges of the broad dropout at times of sharp decreases or increases in energetic particle flux. The association of waves and particle dropouts is not perfect, however. While wave enhancements almost always occur near the dropouts, bursts of wave activity are sometimes seen at times when there are no observable changes in particle fluxes. This finding may be attributed to the narrow localization of the particle fluxes in comparison with the more widespread nature of the waves. A detailed comparison of waves and particles on very short timescales (At < 30 s) shows a much weaker correlation. In some cases a sudden change in particle flux (at the edge of the dropout) coincided with a pronounced change in the wave environment (see, for example, orbits 279 and 542), although in many cases the initial times were several seconds apart. Some flux features, peaks or valleys, as short as 15-s duration appeared to coincide with enhanced or reduced wave amplitude. In these cases, an increased particle flux sometimes accompanied an increase in wave amplitude and sometimes a reduced wave amplitude. Most of the time, however, the detailed structure of the particle fluxes (feature less than 30 s long) did not correspond consistently with wave data.
We interpret the coarse timescale observations in association with narrow particle dropouts as indicative that waves are produced at or near the particle boundaries which define the sudden flux changes. These waves propagate some distance from the generation site, and hence only a general correlation with particle boundaries is observed. The probability of detecting the waves depends both on the generation strength as well as the propagation path and will therefore depend on the detailed plasma properties and geometry in particular cases.
For fine scale observations the lack of a consistent correlation between the waves and the particle fluxes may result from the difference in spatial extent of the two quantities.
An alternate interpretation might be constructed in which the waves scattered the particles and thereby produced the sudden reductions in trapped flux. This possibility appears very unlikely in that a resonance interaction would not be expected to affect all particle types over a broad range of energies si- 
